ABSTRACT
Importantly, activated PINK1 phosphorylates (at Serine 65) the ubiquitin molecules that are attached to proteins in the outer membrane [15] [16] [17] . The resulting Ser65-pUb recruits the E3 ubiquitin ligase Parkin from the cytosol to mitochondria, where Parkin is phosphorylated by PINK1 to potentiate its latent E3 ligase activity [18] [19] [20] [21] . Finally, a positive feedback loop accelerates Parkin translocation and the formation of poly-ubiquitin chains on damaged mitochondria. Amplified Ser65-pUb chains recruit various factors that are required for autophagy, to execute mitophagy [8] .
Although the precise mechanisms underlying the PINK1/Parkin-dependent mitophagy pathway have been intensively investigated in in vitro studies, many questions remain pertaining to the existence and physiological relevance of mitophagy in vivo. In Drosophila, mitophagy is present in muscles and brain tissues in physiological conditions [22] . Drosophila lacking PINK1
or Parkin exhibit mitochondrial, neurological, and behavioral abnormalities that closely resemble the symptoms of human patients with PD [23] [24] [25] [26] . Ser65-pUb expression is also observed in dopaminergic neurons in Drosophila, suggesting that PINK1/Parkin signaling functions faithfully [27] . A study using human postmortem brain specimens showed that Ser65-pUb is widely distributed throughout the brain, including the substantia nigra and hippocampus, and that acquired using a Leica LSM SP8 confocal microscope equipped with a 20´ lens in the "Tile Scan" mode. Three to four images per animal that included the whole hippocampus were obtained for analysis. The number of Ser65-pUb-positive cells in the hippocampus was counted automatically using the "Analyze particles" tool in Image J Fiji (NIH, Bethesda, MD, USA), after thresholding. For the analysis of Ser65-pUb and DAPI signal intensity in the CA3 region, images were acquired using a Leica LSM SP8 confocal microscope equipped with a 10´ lens.
Three to four images per sample that included the whole CA3 region were obtained for analysis.
Finally, the CA3 regions in the hippocampus were framed using the "Polygon selection" tool and Ser65-pUb signal intensities were measured using Image J Fiji (NIH).
Statistics
Statistical analysis was performed using GraphPad Prism (version 5.0 or 8.0). To analyze the number of Ser65-pUb-positive cells in the whole hippocampus, data were processed using unpaired Student's t-tests with Welch's correction, because they showed significantly unequal variances. The remaining data were analyzed using unpaired Student's t-tests. *P < 0.05, **P < 0.01, significant differences compared with the PINK1 +/+ counterparts.
Results
First, we investigated the immunohistochemical characteristics of Ser65-pUb in the mouse hippocampus. Some cells exhibiting strong signals were distributed throughout the hippocampus, whereas the remainder of the cells expressed no or weak Ser65-pUb in PINK1 +/+ mice (Fig. 1A) . We used a genetic mouse model to confirm that these immunoreactivities were the consequence of specific staining for Ser65-pUb [34] . As PINK1 catalyzes the phosphorylation of ubiquitin at Serine 65 for the execution of mitophagy [15] [16] [17] , next we checked whether PINK1 deficiency affected Ser65-pUb staining in the hippocampus. To avoid analytical inaccuracies, we performed unbiased image quantification, i.e., Ser65-pUb-positive cells in the hippocampus were counted after the application of image segmentation with the same threshold range across all images. This method revealed that PINK1 deficiency resulted in a significant decrease in the density of Ser65-pUb-positive cells in the whole hippocampal area ( Fig. 1A and B), indicating that Ser65-pUb positivity in these cells resulted, at least partly, from PINK1 activity in the hippocampus. Of note, Ser65-pUb-positive cells were also detected in
To confirm that PINK1 contributes to the formation of Ser65-pUb in the hippocampus, we also measured Ser65-pUb fluorescence intensities in the hippocampal CA3
area. The Ser65-pUb signal intensity in the CA3 area was significantly decreased in PINK1 −/− mice compared with age-matched PINK1 +/+ mice, whereas the DAPI signal was comparable between mice of the two genotypes ( Supplementary Fig. 1 ). This indicates that, in the hippocampus of PINK1 −/− mice, Ser65-pUb expression was decreased while the cell density was unchanged compared with the PINK1 +/+ counterparts. Overall, these findings suggest that Ser65-pUb is produced at high levels in a subset of cells of the hippocampus, which is at least partially dependent on PINK1.
The hippocampal body is composed of the CA and DG regions. These regions can be further divided into 10 subregions that are anatomically distinct (Supplementary Fig. 2A ). These hippocampal subregions play important cooperative or uncooperative roles in memory and learning. To examine the subregion in which Ser65-pUb expression is affected by PINK1 deficiency, next we measured the density of Ser65-pUb-positive cells in each hippocampal subregion in PINK1 +/+ and PINK1 −/− mice. In PINK1 +/+ mice, Ser65-pUb-positive cells were observed particularly in the CA1/3 oriens and pyramidal cell layers, DG granule cell layer, and hilus and, to a lesser extent, in the CA3 radiatum and stratum lacunosum moleculare (Fig. 1C) .
The CA1 radiatum and DG molecular layer exhibited almost no Ser65-pUb-positive cells (Fig. 1C ). In PINK1 −/− mice, the density of Ser65-pUb-positive cells was significantly reduced especially in the CA3 pyramidal cell layer and DG granule cell layer (Fig. 1C) . PINK1 deficiency did not have an effect on the proportion of Ser65-pUb-positive cells in each area (Supplementary Fig. 2B ). These data indicate that PINK1 knockout affects Ser65-pUb expression in specific hippocampal subregions.
As the animals used in this experiment were approximately 7 months old, lipofuscin autofluorescence might affect our interpretation of Ser65-pUb immunoreactivity. However, we could distinguish lipofuscin autofluorescence from Ser65-pUb fluorescence ( Supplementary Fig.   3 ). We also noticed that the nuclei of cells in the CA1/3 pyramidal cell layers were immunoreactive against Ser65-pUb in both PINK1 +/+ and PINK1 −/− mice. (Supplementary Fig.   4A ). Nevertheless, we found no differences between the two genotypes regarding Ser65-pUb signal intensities in DAPI-positive areas in pyramidal cell layers ( Supplementary Fig. 4B ),
indicating that the immunoreactivity observed in nuclei in CA1/3 pyramidal cell layers might be unspecific.
As the brain comprises neurons and glial cells, such as astrocytes, next we examined the type of hippocampal cells that express Ser65-pUb. Ser65-pUb was expressed predominantly in 13 NeuN-positive cells (neurons), and not in GFAP-positive cells (astrocytes), in the hippocampus ( Fig. 2A and B) . These results indicate that, in physiological conditions, hippocampal neurons express Ser65-pUb in a PINK1-dependent manner.
Discussion
Ubiquitin phosphorylation at Serine 65 is a key step in the efficient execution of PINK1/Parkin-dependent mitophagy [8] . The physiological and pathological importance of ubiquitin phosphorylation has been suggested [27] [28] [29] . However, immunohistochemical data on ubiquitin phosphorylation are scarce in mouse models. We investigated the immunohistochemical characteristics of Ser65-pUb in the mouse hippocampus. Some cells expressed Ser65-pUb strongly throughout the hippocampus, while other cells expressed no or low levels of Ser65-pUb. These Ser65-pUb-positive cells were significantly decreased in PINK1 knockout mice, indicating that PINK1 might be physiologically active in the hippocampus.
Moreover, the CA3 pyramidal cell layer and DG granule cell layer were significantly affected by PINK1 deficiency. Interestingly, a morphometric analysis of the subcortical gray structure in PD patients showed that the CA3 and DG, rather than the CA1, exhibit atrophy [35, 36] . This raises the possibility that PINK1-mediated Ser65-pUb formation is important for a proper structure and function of the hippocampus in the context of PD. Moreover, Ser65-pUb was mainly expressed in neurons. Consistently, in situ hybridization revealed that the PINK1 mRNA is strongly expressed in neurons, especially in the hippocampal CA3 layer, with little to no expression in glial cells in the rodent brain [37, 38] . Notably, mitophagy is important for proper neuronal function and survival via the maintenance of a healthy pool of mitochondria [39, 40] . Thus, Ser65-pUb might play an important role in preserving neurons in the mouse hippocampus through mitophagy.
PINK1 is the only known kinase to phosphorylate ubiquitin at Serine 65. Although we showed that PINK1 deficiency resulted in a significant reduction in the density of Ser65-pUb-positve cells, several Ser65-pUb-positive cells were detected in the hippocampus of PINK1 −/− mice. Notably, PINK1-independent Ser65-pUb signals were observed in regions adjacent to the PPM2 cluster in Drosophila lacking PINK1 [27] . These findings suggest that one or more uncharacterized kinases other than PINK1 produce Ser65-pUb. However, we cannot exclude the possibility that this PINK1-independent fluorescence signal results from unspecific staining. 15 The decreased density of Ser65-pUn-positive cells may not result from PINK1
deficiency; rather, it may be attributed to a reduction in neuronal density. Previously, loss of PINK1 was shown to impede the differentiation of neuronal stem cells through mitochondrial defects in the DG subgranular zone of the hippocampus [41] . However, the same study demonstrated that neuronal density in the hippocampus is unchanged in PINK1 knockout mice [41] . Moreover, several studies have suggested that PINK1 −/− mice do not exhibit major neurodegeneration, despite the presence of pronounced mitochondrial dysfunction (reviewed in [30] ). These studies support the attribution of the reduction in Ser65-pUb-positive cell density in PINK1 knockout mice to a loss of PINK1 activity in neurons, rather than a reduction in neuronal density.
We found that a subset of the cells strongly express Ser65-pUb while other cells do not, and that PINK1 is responsible for Ser65-pUb formation in the mouse, similar to that observed in a fly model and human subjects [27] [28] [29] . The neuronal expression of Ser65-pUb suggests an important role for this protein in maintaining neuronal mitochondrial integrity. Our findings
showed that Ser65-pUb may be useful for biomarker of in situ PINK1 activity in the mouse hippocampus. However, these results should be interpreted cautiously, as a substantial number of 
